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Ceramic  systems  of  Bi203  and  gadolinia-doped  ceria  (GDC)  solid  mixture  were  prepared  as  catalysts 
for  direct  methane  oxidation.  These  systems  were  characterized  by  temperature-programmed  reduction 
using  hydrogen  and  carbon  monoxide,  temperature-programmed  reaction  of  methane,  fixed-temperature 
direct  methane  oxidation,  and  X-ray  diffraction  analysis.  Adding  Bi203  to  GDC  promotes  both  hydrogen 
and  CO  oxidation  activities,  because  of  the  presence  of  surface  Bi203  and  the  high  content  of  mobile  oxy¬ 
gen  in  Bi203.  The  reactivity  of  CO  with  surface  lattice  oxygen  is  enhanced  to  a  higher  extent  than  that  of 
H2,  and  this  enhanced  extent  shows  a  maximum  in  Bi203  content.  Such  a  maximum  also  exists  for  the 
catalytic  activity  of  direct  methane  oxidation.  A  synergistic  effect  occurs  due  to  a  combination  of  the  high 
methane  reactivity  of  GDC  and  the  high  content  of  mobile  oxygen  in  Bi203.  The  C02  selectivity  of  direct 
methane  oxidation  can  be  modulated  by  varying  the  Bi203  content.  The  mixing  of  Bi203  with  GDC  also 
increases  the  self-de-coking  capability  of  the  catalyst  during  direct  methane  oxidation,  which  stabilizes 
the  activity. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Bismuth  oxide  (Bi203)  exhibits  high  oxygen-ion  conductivity 
and  has  been  proposed  as  an  electrolyte  material  for  use  in  solid 
oxide  fuel  cells  (SOFCs)  [1  ].  Additionally,  Bi203  has  extensive  appli¬ 
cations  as  a  catalyst  for  industrial  oxidation  reactions  [2].  However, 
at  low  oxygen  partial  pressures,  such  as  on  the  anode  side  of 
SOFC,  pure  bismuth  oxide  is  unstable.  Moreover,  although  the  high- 
temperature  cubic  phase,  8-Bi203,  is  one  of  the  most  effective 
oxygen-ion  conductors,  it  is  stable  only  between  about  730  °C  and 
its  melting  point,  824  °C  [3].  Therefore,  various  ceramic  systems 
of  bismuth  oxide  have  been  proposed  to  stabilize  its  8-phase  and 
exhibit  enhanced  oxidation  activities  [4,5].  For  methane  reactions, 
doped  Bi203  has  been  studied  as  a  catalyst  of  oxidative  coupling  of 
methane  [6,7]. 

A  novel  ceramic  system  of  Bi203  and  gadolinia-doped  ceria 
(GDC)  solid  mixture  has  been  proposed  for  direct  methane 
oxidation— the  reaction  of  methane  with  the  lattice  oxygen  of  the 
catalyst  in  the  absence  of  gas-phase  oxygen;  such  a  Bi203-GDC 
system  can  promote  the  catalytic  activity  for  direct  methane  oxi¬ 
dation  and  eliminate  possible  carbon  deposition  [8].  Notably,  in 
direct  methane  oxidation  over  the  anode  in  SOFCs,  oxygen  can  be 


*  Corresponding  author.  Tel.:  +886  3  5716260;  fax:  +886  3  5715408. 
E-mail  address:  tjhuang@che.nthu.edu.tw  (T.-J.  Huang). 


supplied  from  the  cathode-side  gas  phase  through  the  oxygen-ion 
conducting  electrolyte. 

GDC  has  been  adopted  as  the  electrolyte  in  intermediate- 
temperature  SOFCs  [9,10].  It  has  also  been  used  as  the  anode  cermet 
material  in  a  direct-methane  SOFC  [11].  In  direct-methane  SOFCs 
[12,13],  the  activities  of  methane  oxidation  to  form  C02  and/or 
CO  influence  the  fuel  efficiency  for  generating  electricity.  This  is 
because  the  electrochemical  formation  of  C02  involves  four  elec¬ 
trons,  while  that  of  CO  involves  only  two  electrons,  with  each 
oxygen  ion  carrying  two  electrons;  consequently,  the  current  den¬ 
sity  associated  with  C02  formation  is  double  that  associated  with 
CO  formation.  However,  when  a  direct-methane  SOFC  is  employed 
in  the  cogeneration  of  syngas,  the  formation  of  CO  but  not  of  C02  is 
preferred. 

In  direct-methane  SOFCs,  higher  methane  oxidation  activity  is 
associated  with  a  higher  rate  of  methane  decomposition,  since 
methane  decomposition  is  the  major  step  in  the  methane  reaction 
in  the  absence  of  gas-phase  oxygen  [14].  Methane  decomposition 
yields  deposited  carbon  species,  which  may  accumulate  to  form 
coke  and  deactivate  the  catalyst.  However,  the  deposited  carbon 
can  be  removed  by  gasification  with  steam  [15]  or  carbon  diox¬ 
ide  [16].  Recently,  Huang  et  al.  [14,17,18]  demonstrated  that  doped 
ceria  may  have  a  self-de-coking  capability,  which  is  the  removal  of 
deposited  carbon  species  via  gasification  by  the  O  species  that  are 
supplemented  from  the  bulk  lattice  of  the  doped  ceria.  Notably, 
“self-de-coking”  refers  to  the  removal  of  carbon  in  the  absence 
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of  gaseous  oxygen.  Notably,  also,  the  removal  of  deposited  carbon 
species  increases  the  rate  of  methane  decomposition  and  therefore 
that  of  methane  oxidation. 

During  SOFC  operation,  electrical  current  is  generated  upon  the 
removal  of  deposited  carbon  species  by  the  oxygen  species  that 
come  from  the  cathode  via  the  bulk  lattice  of  electrolyte,  such  that 
deposited  carbon  is  utilized  as  the  fuel  for  SOFC  [19,20].  In  fact, 
one  carbon  SOFC  design  has  been  proposed  to  store  and  utilize  the 
deposited  carbon  [21  ].  Therefore,  self-de-coking  in  direct-methane 
SOFC  leads  to  higher  electrical  current  by  increasing  the  rate  of 
direct  methane  oxidation  [22].  A  higher  concentration  of  bulk  lat¬ 
tice  oxygen  reportedly  results  in  higher  self-de-coking  capability 
[14],  which  may  solve  the  problem  of  coking  in  direct  methane 
oxidation  and  increase  methane  conversion. 

The  high  oxygen-ion  conductivity  of  Bi203  is  associated  with  its 
high  concentration  of  oxygen  vacancies  to  contain  bulk  lattice  oxy¬ 
gen  [23].  This  bulk  lattice  oxygen  is  highly  mobile  and  can  be  used 
to  promote  the  total  oxidation  of  the  deposited  carbon  species  [8]. 
Restated,  Bi203  has  a  high  content  of  mobile  oxygen  [1  ],  which  can 
be  utilized  to  increase  the  rate  of  direct  methane  oxidation.  There¬ 
fore,  when  Bi203  is  mixed  with  GDC,  the  high  concentration  of  bulk 
lattice  oxygen  in  Bi203  should  promote  the  self-de-coking  capa¬ 
bility  of  this  ceramic  system.  Accordingly,  when  this  Bi203-GDC 
system  is  used  to  catalyze  direct  methane  oxidation,  the  coking 
problem  can  be  reduced  or  even  eliminated  [8]. 

In  this  work,  various  Bi203-GDC  systems  were  prepared  as 
catalysts  of  direct  methane  oxidation  in  an  attempt  to  take  advan¬ 
tage  of  the  high  concentration  of  usable  lattice  oxygen  in  Bi203. 
Methane  oxidation  activity  and  the  associated  CO  and  hydrogen 
oxidation  activities  increased  with  the  addition  of  Bi203  to  GDC  and 
a  synergistic  effect  was  observed.  An  optimal  Bi203  content  in  the 
Bi2  03  -GDC  system  for  direct  methane  oxidation  was  demonstrated 
to  exist. 

2.  Experimental 

2. 1.  Preparation  of  GDC  and  Bi2 03-GDC  system 

GDC  was  prepared  by  co-precipitation.  The  details  of  the  method 
have  been  described  elsewhere  [17].  Suitable  amounts  of  gadolin¬ 
ium  nitrate  and  cerium  nitrate  were  used  to  yield  a  nominal  atomic 
ratio  of  Gd:Ce  =  1 :9.  The  GDC  powders  were  calcined  by  heating  in 
air  at  a  rate  of  10  °C  min-1  to  800  °C  and  held  for  4  h  before  cooling. 
The  GDC  prepared  in  this  work  was  (GdOi.5)o.i(Ce02)0.9. 

The  Bi203-GDC  system  was  prepared  by  mixing  GDC  and  Bi203 
powders  with  the  designated  weight  ratio.  Then,  the  solid  mixture 
was  calcined  at  800  °C  for  4h  to  yield  the  Bi203-GDC  system.  All 
tests  were  performed  on  calcined  samples  without  pre-reduction. 

2.2.  Temperature-programmed  reduction  using  H2  and  CO 

Temperature-programmed  reduction  using  hydrogen  (FI2-TPR) 
and  temperature-programmed  reduction  using  carbon  monoxide 
(CO-TPR)  were  performed  at  atmospheric  pressure  in  a  continu¬ 
ous  flow  reactor  charged  with  50  and  100  mg  of  sample  catalyst, 
respectively.  The  charge  was  fixed  by  quartz  wool  and  quartz  sand 
downstream  of  the  bed.  The  reactor  was  made  of  an  8-mm  i.d. 
quartz  U-tube  that  was  embedded  in  an  insulated  electric  furnace.  A 
K-type  thermocouple  was  inserted  into  the  catalyst  bed  to  measure 
and  control  the  bed  temperature. 

FI2-TPR  tests  were  performed  with  10%  FI2  in  Ar  at  a  flow  rate 
of  30  ml  min-1,  heated  from  room  temperature  to  the  designated 
temperature  at  a  rate  of  10°Cmin-1;  the  material  was  then  held 
at  that  temperature  for  the  designated  time  before  cooling.  Some 
details  of  the  FI2-TPR  test  have  been  presented  elsewhere  [18].  CO- 


TPR  tests  were  performed  using  the  same  temperature  program  but 
with  1  %  CO  in  Ar  at  20  ml  min-1 . 

2.3.  Temperature -programmed  reaction  of  methane 

The  test  of  temperature-programmed  reaction  of  methane  (CH4- 
TPRX)  was  conducted  using  the  same  reactor  setup  as  was  used  for 
the  TPR  tests;  the  reactor  was  also  charged  with  100  mg  of  sample 
catalyst.  The  gas  feed  was  passed  through  an  oxygen  filter  to  elim¬ 
inate  trace  amounts  of  oxygen.  A  blank  test  was  performed  and 
the  results  indicated  that  no  oxygen  leak  occurred  in  this  reactor 
system. 

A  mixture  of  1%  CH4  in  argon  was  fed  to  the  catalyst  bed  at 
a  flow  rate  of  20  ml  min-1.  The  CFI4-TPRX  test  began  from  room 
temperature  and  continued  to  the  designated  temperature  at  a  rate 
of  10  °C  min-1 ;  the  material  was  then  held  at  that  temperature  for 
1  h  before  cooling.  The  reactor  outflow  was  analyzed  on-line  by  gas 
chromatography  (China  Chromatograph  8900,  Taiwan),  CO-NDIR 
(non-dispersive  infrared,  Beckman  880),  and  C02-NDIR  (Beckman 
880). 

2.4.  Fixed-temperature  reaction  of  methane 

The  fixed-temperature  test  was  performed  in  the  same  reactor 
setup  as  the  CH4-TPRX  test,  using  100  mg  of  sample  catalyst.  The 
catalyst  was  heated  to  780  °C  in  argon.  Then,  a  mixture  of  25%  CFI4 
in  argon  was  fed  to  the  catalyst  bed  at  a  flow  rate  of  100  ml  min-1  to 
perform  the  activity  test  of  methane  reaction  at  780  °C.  The  reactor 
outflow  was  analyzed  using  the  same  detectors  as  those  used  in  the 
CH4-TPRx  test. 

3.  Results  and  discussion 

3.1.  Characteristics  of  Bi203-GDC systems 

The  characteristics  of  various  Bi203-GDC  systems  were  ana¬ 
lyzed  using  H2-TPR,  X-ray  diffraction  (XRD)  and  CO-TPR.  Fig.  1 
shows  that,  with  the  addition  of  10wt%  Bi203  to  GDC,  the  lower- 
temperature  H2-TPR  peak  moves  from  500  °C  for  GDC  to  278  °C 
for  the  Bi203-GDC  system;  however,  the  higher-temperature  peak 
of  Bi203-GDC  is  at  about  the  same  temperature  as  that  of  GDC. 
Notably,  the  lower- temperature  H2-TPR  peak  of  GDC  is  considered 
to  be  associated  with  the  reduction  of  the  surface  capping  oxygen 
(the  surface  oxygen  species)  [24,25].  On  the  other  hand,  the  higher- 
temperature  IT2-TPR  peak  is  considered  to  be  associated  with  the 
reduction  of  the  bulk  lattice  oxygen  [18]. 

As  the  Bi203  concentration  in  the  Bi203-GDC  system  increases 
to  25%,  an  additional  FI2-TPR  peak  appears  at  424 °C.  The  appear¬ 
ance  of  this  additional  peak  is  due  to  Bi203  addition  and  thus  can 
only  be  attributed  to  Bi203.  Notably,  this  Bi203-GDC  system  with 
25  wt%  Bi203  is  a  two-phase  mixture  based  on  the  report  of  Gil  et 
al.  [26],  who  found  that  the  solubility  limit  of  Bi203  in  the  GDC 
structure  was  about  0.8  wt%;  according  to  literature  ceramic  ter¬ 
minology,  this  two-phase  mixture  of  Bi203-GDC  has  been  termed 
Bi203-GDC  system  [8].  Therefore,  this  additional  peak  may  be  due 
to  surface  Bi203  particles.  A  comparison  of  the  XRD  spectra  shows 
that  an  additional  XRD  peak,  such  as  the  one  at  27.8°,  appears 
only  for  25wt%  Bi203-GDC  and  Bi203-GDC  with  higher  Bi203 
content,  as  shown  in  Fig.  2.  Additionally,  Fig.  3  shows  the  image 
of  energy  dispersive  X-ray  (EDX)  analysis  over  a  600°C-reduced 
40wt%  Bi203-GDC  sample.  The  composition  of  the  surface  “spec¬ 
trum  32”  (as  designated  in  Fig.  3)  particle  was  84.66 at.%  Bi  and 
14.64  at.%  O  with  trace  amount  of  Ce  and  Gd.  This  indicates  the 
presence  of  segregated  surface  particles  that  are  composed  of  a 
large  amount  of  elemental  Bi  and  a  relatively  small  amount  of  ele- 
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Fig.  1.  H2 -TPR  profiles  of  various  Bi203-GDC  systems.  (A)  GDC;  (B)  10wt% 
Bi203-GDC;  (C)  20  wt%  Bi203-GDC;  (D)  25  wt%  Bi203-GDC;  (E)  40  wt%  Bi203-GDC; 
(F)  Bi203.  Samples  A-E  were  temperature-programmed  to  850 °C  while  F  was  pro¬ 
grammed  only  to  780  °C  due  to  the  melting  point  of  Bi203  at  824  °C. 

mental  O.  Notably,  these  surface  particles  should  have  been  formed 
before  the  Bi203  content  in  the  Bi203-GDC  system  increases  to  25%. 
Notably,  also,  due  to  the  limitation  of  XRD  analysis,  such  particles 
can  be  too  small  to  be  detected  by  XRD.  However,  these  surface 
particles,  no  matter  how  small,  can  have  an  effect  on  the  surface 
activity.  Additionally,  in  these  surface  particles,  the  above  compo- 
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Fig.  3.  EDX  image  over  a  600  °C-reduced  40  wt%  Bi203-GDC  sample. 

sition  data  indicate  that  the  elemental  O  is  associated  mostly  with 
the  elemental  Bi  and  GDC  accounts  only  trace  amount. 

Table  1  presents  the  total  H2-TPR  peak  area,  representing  the 
total  amount  of  H2  consumed  during  H2-TPR.  H2  consumption 
increases  with  amount  of  added  Bi203,  because  of  the  high  content 
of  mobile  oxygen  in  Bi203  [1].  Notably,  the  H2  consumed  during 
H2-TPR  is  oxidized  by  the  oxygen  species  in  the  catalyst  and  the  H2 
consumption  is  thus  equivalent  to  that  of  the  lattice  oxygen  of  the 
catalyst.  The  results  in  Table  1  show  that  almost  all  of  O  in  Bi203  was 
consumed  and  so  Bi203  should  have  been  reduced  to  Bi  metal  at 
the  end  of  the  test.  The  peak  temperature  of  Bi203,  about  560  °C,  as 
shown  in  Fig.  1 ,  also  indicates  that  Bi203  can  be  completely  reduced 
at  780  °C  in  the  H2-TPR  test.  Therefore,  all  of  O  in  Bi203  can  be 
extracted  from  the  bulk  to  the  surface  for  oxidation. 

Fig.  1  also  shows  that  the  extraction  of  lattice  oxygen  species  in 
Bi203  for  H2  oxidation  occurs  at  a  much  higher  temperature  than 
that  in  Bi203-GDC  systems.  Therefore,  the  reactivity  of  H2  with  the 
surface  lattice  oxygen  of  Bi203  is  lower  than  that  of  Bi203-GDC. 
Since  the  H2  reactivity  of  Bi203-GDC  is  also  higher  than  that  of  GDC, 
the  high  H2  reactivity  of  the  Bi203-GDC  systems,  as  revealed  by  the 
low  H2-TPR  peak  temperature,  may  be  considered  to  be  due  to  a 
synergistic  effect  between  Bi203  and  GDC.  This  synergistic  effect 
involves  a  combination  of  the  surface  Bi203  particles  and  the  high 
content  of  mobile  oxygen  in  Bi203.  Notably,  the  amount  of  mobile 
or  active  oxygen  species  in  Bi203-GDC  is  less  than  that  in  Bi203, 
as  revealed  by  the  total  amount  of  H2  consumption  in  Table  1.  This 
is  because,  although  GDC  has  high  O  content  than  Bi203,  as  also 
shown  in  Table  1,  the  amount  of  mobile  or  active  oxygen  species 
in  GDC  for  oxidation  is  much  less  than  that  in  Bi203.  Notably, 
also,  the  amount  of  H2  consumption  is  equivalent  to  that  of  oxy¬ 
gen  consumption  according  to  the  reaction  of  hydrogen  oxidation: 
H2  +  0^  H20.  Notably,  also,  a  higher  rate  of  H2  oxidation  corre¬ 
sponds  to  a  larger  amount  of  H2  consumption.  Therefore,  adding 
Bi203  to  GDC  increases  the  amount  of  mobile  or  active  oxygen 
species  in  this  system,  increasing  the  H2  oxidation  rate,  such  that 
the  total  amount  of  H2  consumption  during  H2-TPR  increases  with 
Bi203  content,  as  revealed  in  Table  1. 

Fig.  4  displays  the  CO-TPR  profiles.  The  peak  temperature  of 
Bi203-GDC  is  much  lower  than  that  of  pure  Bi203.  These  low- 
temperature  peaks  are  also  much  larger  than  the  low-temperature 
peak  of  pure  GDC.  This  difference  is  also  considered  to  be  associ¬ 
ated  with  a  synergistic  effect  between  Bi203  and  GDC.  Notably,  a 
lower  CO-TPR  peak  temperature  also  indicates  a  higher  CO  reac¬ 
tivity  with  the  surface  lattice  oxygen  of  the  catalyst;  on  the  other 
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Table  1 

Total  peak  areas  of  H2-TPR  and  CO-TPR  profiles3  of  various  Bi203-GDC  systems 
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a  GDC  and  Bi203-GDC  were  temperature-programmed  to  850  °C  while  pure  Bi203  was  programmed  only  to  780  °C  due  to  the  melting  point  of  Bi203  at  824  °C. 
b  The  total  0  content  in  GDC,  i.e.  (GdOi.5)0.i(Ce02)o.9,  is  11270  ijumolg-1  GDC. 

c  Since  one-fourth  of  the  oxygen  sites  are  vacant  in  the  fluorite-type  lattice  [1],  calcined  bismuth  oxide  is  BUOg,  which  has  an  0  content  of  8299  |jimolg_1. 
d  Obtained  by  dividing  the  total  C02  formation  during  CO-TPR  by  the  total  H2  consumption  during  H2-TPR. 


hand,  a  larger  peak  area  indicates  a  larger  amount  of  the  reactant, 
e.g.  oxygen  species  in  the  situation  of  this  work,  which  is  available  at 
the  designated  peak  temperature;  therefore,  higher  reactivity  and 
larger  reactant  amount  are  two  separate  issues.  Notably,  also,  only 
the  surface  oxygen  can  directly  attend  the  reaction  and  the  bulk  lat¬ 
tice  oxygen  has  to  be  transported  to  the  surface  for  reaction.  As  also 
shown  in  Fig.  4,  the  total  CO-TPR  peak  area  over  Bi203,  correspond¬ 
ing  to  the  total  amount  of  C02  formed  during  CO-TPR  over  Bi203,  is 
much  higher  than  that  over  GDC.  Therefore,  the  total  amount  of  C02 
formed  during  CO-TPR  increases  with  Bi203  content,  as  revealed  in 
Table  1.  This  fact  is  also  considered  to  follow  from  the  high  content 
of  mobile  oxygen  in  Bi203. 

Table  1  also  indicates  that,  although  the  total  oxygen  consump¬ 
tion  during  either  H2-TPR  or  CO-TPR  increases  with  the  addition  of 
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Fig.  4.  CO-TPR  profiles  of  various  Bi203-GDC  systems.  The  samples  and  the  test 
designations  are  as  in  Fig.  1. 


Bi203  to  GDC,  the  consumption  of  oxygen  during  CO-TPR  is  always 
higher  than  that  during  H2-TPR.  Notably,  both  H2  consumption  and 
C02  formation  during  TPR  analyses  are  equivalent  to  oxygen  con¬ 
sumption;  C02  formation  during  CO-TPR  is  via  CO  oxidation  by  the 
oxygen  species  in  the  catalyst:  CO  +  O^C02.  Since  the  consump¬ 
tions  of  oxygen  from  Bi203  during  H2-TPR  and  CO-TPR  are  about 
equal,  the  higher  oxygen  consumption  of  Bi203-GDC  should  be 
attributed  to  GDC.  Dividing  the  total  amount  of  C02  formed  dur¬ 
ing  CO-TPR  by  that  of  H2  consumed  during  H2-TPR  yields  a  ratio  for 
GDC  that  markedly  exceeds  that  for  Bi203,  as  indicated  in  Table  1. 
Notably,  this  ratio  shows  a  comparison  of  the  overall  reactivity  of 
CO  oxidation  to  that  of  H2  oxidation.  This  indicates  that  the  reac¬ 
tivity  of  CO  with  the  surface  lattice  oxygen  is  higher  than  that  of 
hydrogen,  because  the  surface  OH  species  formed  by  H2  oxidation 
can  have  an  inhibition  effect  on  the  reactivity  [  17].  Additionally,  this 
ratio  reaches  a  maximum  at  about  20  wt%  Bi203. 

The  above  results  show  that  the  addition  of  Bi203  to  GDC 
enhances  both  the  H2  and  CO  oxidation  activities  of  the  catalyst, 
because  of  the  presence  of  surface  Bi203  and  the  high  content  of 
mobile  oxygen  in  Bi2  03 .  A  synergistic  effect  between  Bi2  03  and  GDC 
is  evident  not  only  in  hydrogen  oxidation  but  also  in  CO  oxidation. 
The  reactivity  of  CO  with  the  surface  lattice  oxygen  is  enhanced  to 
a  higher  extent  than  that  of  hydrogen;  this  enhanced  extent  shows 
a  maximum  in  Bi203  content. 

3.2.  Effect  ofBi203  content  on  activity  of  direct  methane 
oxidation 

The  activities  of  direct  methane  oxidation  over  various 
Bi203-GDC  systems  were  characterized  by  CH4-TPRX  in  the  absence 
of  gas-phase  oxygen.  Fig.  5(a)  and  (b)  shows  the  CH4-TPRX  results  for 
GDC  and  pure  Bi2  03 ,  respectively.  The  activity  of  methane  oxidation 
over  GDC,  in  terms  of  the  total  amount  of  carbon  oxides  formed,  is 
much  higher  than  that  over  pure  Bi203.  The  low  methane  activity 
of  Bi203  is  considered  to  follow  from  the  low  affinity  between  CH4 
andBi203  or  Bi.  Notably,  during  CH4-TPRx,Bi203  is  reduced  to  theBi 
metal.  A  comparison  between  Fig.  5(a)  and  (b)  indicates  that  the  rate 
of  C02  formation  over  GDC  becomes  appreciable  at  about  150  °C  and 
that  over  Bi203  becomes  appreciable  at  about  300  °C.  Over  Bi203 
and  from  200  to  300  °C,  the  rate  of  C02  formation  is  roughly  con¬ 
stant  at  a  very  low  level  when  some  Bi  metal  may  have  been  formed 
over  the  Bi203  surface.  Additionally,  the  lower  peak  associated  with 
C02  formation  over  GDC  is  at  280  °C,  which  is  much  lower  than  that 
over  Bi203  at  560  °C,  indicating  that  the  reactivity  of  methane  over 
Bi-Bi203  can  be  very  much  lower  than  that  over  GDC.  Restated,  the 
formation  of  Bi  metal  does  not  yield  a  methane  oxidation  activity 
that  is  higher  than  that  over  GDC.  Notably,  the  peak  temperature  of 
Bi203  at  560  °C  during  CH4-TPRX  equals  that  during  H2-TPR,  indi¬ 
cating  that  the  Bi  metal  should  have  been  formed  in  large  amount. 
Notably,  also,  direct  methane  oxidation  by  the  lattice  oxygen  may 
proceed  to  produce  CO  and  hydrogen  [19]:  CH4  +  0^  CO  +  2H2. 
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Temperature  (°C) 


Fig.  5.  CH4-TPRx  profiles:  (a)  GDC,  (b)  Bi203  and  (c)  25%  Bi203-GDC. 

Fig.  5(a)  and  (b)  also  shows  that  the  carbon  oxide  species  formed 
over  GDC  is  mostly  CO  while  that  over  Bi203  is  completely  C02. 
This  is  because  Bi203  has  a  much  higher  content  of  mobile  oxygen 
and  thus  a  higher  concentration  of  surface  oxygen  species,  which 
enhances  C02  formation  [22,27],  especially  when  the  high  content 
of  mobile  oxygen  in  Bi203  is  associated  with  its  low  methane  oxi¬ 
dation  activity.  Thus,  the  surface  Bi  enrichment  over  Bi203-GDC 
can  increase  the  C02  selectivity,  as  shown  in  Table  2.  Additionally, 


Table  2 

Amounts  of  carbon  oxides  and  C02  formation  and  C02  selectivity  during  CH4-TPR* 
tests  over  various  Bi203-GDC  systems 


Total  amount  of  carbon 
oxides3  formation 
(103  ijumolg-1) 

Amount  of  C02 
formation 
(103  fxmolg-1) 

C02  selectivity13 

GDC 

1.74 

0.273 

0.157 

10%  Bi203-GDC 

1.85 

0.495 

0.268 

20%  Bi203-GDC 

2.19 

0.768 

0.351 

25%  Bi203-GDC 

2.31 

1.13 

0.489 

40%  Bi203-GDC 

2.08 

1.28 

0.615 

70%  Bi203-GDC 

1.75 

1.63 

0.931 

Bi203 

0.132 

0.132 

1 

a  Carbon  oxides  include  CO  and  C02. 

b  C02  selectivity  =  amount  of  C02/amount  of  CO  +  amount  of  C02. 


Fig.  5(a)  shows  that  the  rate  of  CO  formation  over  GDC  becomes 
significant  at  about  780  °C,  which  is  the  temperature  at  which  the 
bulk  lattice  oxygen  of  GDC  to  become  highly  mobile  [27].  This  indi¬ 
cates  that  CO  formation  is  associated  with  the  bulk  lattice  oxygen 
species  of  GDC  when  these  oxygen  species  become  highly  mobile, 
in  agreement  with  the  report  of  Huang  and  Wang  [27]. 

A  comparison  of  Fig.  5(a)  and  (c)  indicates  that,  with  the  addi¬ 
tion  of  25wt%  Bi203  to  GDC,  the  formed  solid  mixture  system 
exhibits  a  dramatically  increased  C02  formation  rate;  however, 
the  CO  formation  rate  over  Bi203-GDC  is  less  than  that  over  GDC. 
Nevertheless,  the  drop  in  the  CO  formation  rate  is  smaller  than 
the  increase  in  the  C02  formation  rate,  as  also  shown  in  Fig.  6(a) 
and  (b).  Since  CH4  oxidation  produces  C02  and/or  CO,  the  total 
amounts  of  carbon  oxides,  CO  and  C02,  formed  is  related  to  methane 
conversion:  ACH4  =  ACO  +  AC02  based  on  carbon  balance.  Notably, 
possible  carbon  deposition  over  the  catalyst  was  analyzed  follow¬ 
ing  the  CH4-TPRx  tests  and  found  to  be  negligible.  Therefore,  the 
larger  increase  in  the  rate  of  C02  formation  and  the  associated 
smaller  decrease  in  the  rate  of  CO  formation  lead  to  the  formation  of 
more  carbon  oxides  and  thus  higher  methane  activity.  However,  the 
methane  activity  of  Bi203  is  relatively  low  and  so  the  methane  activ¬ 
ity  of  Bi203-GDC  should  drop  as  the  Bi203  content  increases  over 
a  certain  threshold  as  it  is  added  to  GDC  and  a  maximum  should 
be  reached.  Table  2  indicates  that  this  maximum  is  at  about  25  wt% 
Bi203.  Notably,  also,  the  rate  of  C02  formation  declines  at  a  Bi203 
content  of  around  70-100  wt%  Bi203,  reaching  finally  a  very  low 
level  over  pure  Bi203.  This  is  because  insufficient  GDC  is  present 
over  the  surface  to  adsorb  methane  and  thus  take  advantage  of  the 
high  oxygen-ion  conductivity  and  the  high  oxygen  content  of  Bi2  03 . 

A  comparison  of  Tables  1  and  2  reveals  that  the  variation  in 
methane  oxidation  activity,  in  terms  of  carbon  oxides  formation,  is 
similar  to  that  of  the  ratio  of  CO-TPR  to  H2  -TPR.  This  may  be  because 
the  interaction  of  CH4  with  the  surface  active  site  is  similar  to  that 
of  CO,  possibly  via  the  C  interaction.  This  interaction  can  be  mod¬ 
ulated  by  varying  the  Bi203  content  in  the  Bi203-GDC  system  and 
thus  the  activity  reaches  a  maximum  in  a  particular  Bi203  content. 

The  BET  areas  of  GDC,  25wt%  Bi203-GDC  and  Bi203  were 
determined  to  be  58,  47  and  38m2g-1,  respectively.  Thus,  the 
much  higher  methane  oxidation  activity  over  25wt%  Bi203-GDC 
is  not  associated  with  a  higher  surface  area.  Therefore,  the  above¬ 
observed  synergistic  effect  on  the  Bi203-GDC  system  should  be 
associated  with  a  combination  of  the  high  methane  reactivity  of 
GDC  and  the  high  content  of  mobile  oxygen  of  Bi203.  The  methane 
oxidation  activity  increases  as  Bi203  is  added  to  GDC  because  of  this 
synergistic  effect.  On  the  other  hand,  although  the  Bi  species  can  be 
present  at  the  surface  to  promote  the  supply  of  the  oxygen  species 
for  direct  methane  oxidation,  a  larger  amount  of  surface  Bi  species 
is  associated  with  a  lower  amount  of  surface  GDC,  so  the  methane 
oxidation  activity  is  low  because  of  the  relatively  low  methane  reac- 
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Fig.  6.  CH4-TPR*  profiles  of  various  Bi203-GDC  systems:  (a)  C02  formation  and  (b) 
CO  formation. 


tivity  of  the  Bi  species,  Bi203  or  the  Bi  metal,  as  indicated  above. 
Therefore,  the  methane  reactivity  and  the  oxygen  supply  ability 
should  come  to  balance  with  an  intermediate  Bi203  content,  veri¬ 
fying  the  existence  of  a  maximum  in  methane  oxidation  activity. 

Table  2  also  indicates  that  both  the  amount  of  C02  formation  and 
the  C02  selectivity  increase  with  Bi203  content,  because  of  the  high 
content  of  mobile  oxygen  in  Bi203 .  The  extent  of  the  increase  in  C02 
formation  is  much  higher  than  that  of  methane  oxidation  activity, 
as  determined  by  the  amount  of  carbon  oxides  formed.  Therefore, 
adding  Bi203  to  GDC  can  increase  both  C02  selectivity  and  methane 
oxidation  activity  until  a  Bi203  content  of  about  25%  is  reached. 
The  above  results  demonstrate  that  the  C02  selectivity  of  the 
Bi2  03  -GDC  system  can  be  modulated  by  varying  the  Bi2  03  content. 

3.3.  Fixed- temperature  activities  for  direct  methane  oxidation 

Fixed-temperature  tests  of  the  activities  of  Bi203-GDC  systems 
for  direct  methane  oxidation  at  780  °C  were  performed  to  verify  that 
the  results  of  the  temperature-programmed  tests  are  applicable  for 
isothermal  operation;  this  test  temperature  was  set  by  considering 
intermediate-temperature  SOFCs  and  the  melting  point  of  Bi203  at 
824  °C.  Notably,  Bi203  can  be  reduced  to  Bi  metal  at  temperatures  of 


Time  (min) 


Fig.  7.  Fixed-temperature  methane  conversion  profiles  of  various  Bi203-GDC  sys¬ 
tems  at  780  °C. 


over  560  °C,  which  is  the  FI2-TPR  peak  temperature.  Flowever,  EDX 
analysis  over  a  600°C-reduced  Bi203-GDC  sample,  as  reported  in 
Section  3.1,  indicates  the  association  of  elemental  0  with  surface 
Bi  element.  This  suggests  that  the  lattice  oxygen  of  GDC  can  be 
supplemented  to  the  surface  Bi  species  to  maintain  its  role  as  an 
oxygen  storage  component.  Therefore,  the  Bi  species  is  adopted  to 
take  advantage  of  the  high  oxygen-ion  conductivity  and  the  high 
content  of  mobile  oxygen  of  bismuth  oxide. 

As  shown  in  Fig.  7,  the  25  wt%  Bi203-GDC  system  has  the  highest 
methane  activity,  which  results  are  consistent  with  the  CFI4-TPRX 
results  discussed  above.  The  initial  jump  in  the  methane  activity  is 
considered  to  be  associated  with  the  surface  oxygen  species  over 
these  catalysts  without  pre-reduction.  When  the  originally  exist¬ 
ing  surface  oxygen  species  are  consumed  by  methane  oxidation, 
the  methane  oxidation  activity  becomes  quite  stable,  indicating 
that  any  possible  coking  problem  is  minimal.  This  is  because  the 
high  content  of  mobile  oxygen  in  Bi203  enhances  the  self-de-coking 
capability.  Notably,  self-de-coking  means  the  removal  of  the  car¬ 
bon  species  produced  from  methane  decomposition  and  can  thus 
enhance  the  rate  of  methane  decomposition. 


Fig.  8.  CO  and  C02  formation  profiles  of  25  wt%  Bi203-GDC  systems  during  fixed- 
temperature  methane  test  at  780  °C. 
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Fig.  8  shows  that  C02  formation  rate  is  constant  following  an 
initial  jump.  This  constant  C02  activity  confirms  the  high  capabil¬ 
ity  of  self-de-coking  of  the  Bi203-GDC  system.  On  the  other  hand, 
the  rate  of  CO  formation  also  increases  drastically  initially  and  then 
decreases  continuously.  This  drop  in  the  rate  of  CO  formation  with 
time  is  considered  to  be  due  to  the  continuous  drop  in  the  con¬ 
centration  of  bulk  lattice  oxygen  as  the  reaction  proceeds.  Notably, 
the  oxidation  reaction  consumes  the  lattice  oxygen  in  the  catalyst 
and  these  oxygen  species  should  be  replenished  from  the  bulk, 
which  reduces  the  concentration  of  bulk  lattice  oxygen.  Notably, 
also,  the  rate  of  CO  formation  depends  on  the  concentration  of  the 
bulk  lattice  oxygen  of  GDC  [26].  On  the  other  hand,  the  C02  for¬ 
mation  rate  may  be  maintained  by  the  presence  of  surface  Bi203, 
which  acts  as  an  oxygen  storage  component  to  promote  not  only 
the  formation  of  C02  but  also  the  maintaining  of  the  C02  forma¬ 
tion  rate.  The  constant  C02  formation  rate  is  regarded  as  caused 
by  a  constant  oxygen  concentration  that  is  associated  with  the  sur¬ 
face  Bi  species  by  quick  oxygen  replenishment  from  the  bulk,  which 
is  enabled  by  the  high  oxygen-ion  conductivity  of  Bi203  at  780  °C 

Ill 

Fig.  8  also  shows  that  an  induction  period  of  about  3  min 
is  required  for  the  activation  of  both  CO  and  C02  formation 
reactions.  This  induction  period  follows  from  the  fact  that  the 
catalyst  is  unreduced,  since  in  a  test  in  which  the  catalyst  is  pre¬ 
reduced,  this  induction  period  disappears.  Notably,  the  unreduced 
catalyst  is  activated  by  the  methane  gas.  Following  activation,  sur¬ 
face  oxygen  species  in  the  unreduced  catalyst  cause  the  jump 
in  both  CO  and  C02  formation  rates.  Additionally,  the  forma¬ 
tion  rate  of  C02  initially  exceeds  that  of  CO.  Then,  the  formation 
rate  of  CO  becomes  much  higher  than  that  of  C02.  It  shows 
that,  during  the  test  period,  the  amount  of  C02  formed  with 
the  25  wt%  Bi203-GDC  catalyst  is  less  than  that  of  CO;  this  indi¬ 
cates  that  the  C02  selectivity  is  less  than  one  half,  in  agreement 
with  that  shown  in  Table  2  for  the  CH4-TPRX  test.  Notably,  dur¬ 
ing  SOFC  operation,  oxygen  is  supplied  continuously  from  the 
cathode-side  gas  phase  through  the  bulk  lattice  of  the  oxygen- 
ion  conducting  electrolyte;  thus,  the  lattice  oxygen  concentration 
of  the  anode  bulk  is  not  overly  depleted,  although  a  concentra¬ 
tion  difference  exists  [20].  Since  the  concentration  of  bulk  lattice 
oxygen  affects  the  formation  rate  of  carbon  oxides,  the  results 
of  a  short  fixed-temperature  test,  when  the  bulk  lattice  oxygen 
has  not  been  overly  depleted,  may  be  more  useful  in  the  simula¬ 
tion  of  the  SOFC  anode  operation.  Flowever,  actual  SOFC  tests  with 
the  Bi203-GDC  system  as  anode  material  are  required  to  confirm 
finally  the  performance  of  the  system  in  direct  methane  oxidation 
in  SOFCs. 


4.  Conclusions 

(1)  Adding  Bi203  to  GDC  increases  both  the  hydrogen  and  the  CO 
oxidation  activities  of  the  catalyst,  because  of  the  presence  of 
surface  Bi203  and  the  high  content  of  mobile  oxygen  in  Bi203. 

(2)  The  reactivity  of  CO  with  the  surface  lattice  oxygen  is  enhanced 
more  than  that  with  hydrogen,  and  the  extent  of  this  enhance¬ 
ment  reached  a  maximum  in  Bi203  content.  This  maximum  also 
exists  in  the  catalytic  activities  of  direct  methane  oxidation  dur¬ 
ing  CFI4-TPRX  and  the  fixed-temperature  reaction  of  methane. 

(3)  The  Bi203-GDC  system  exhibits  a  synergistic  effect,  because  of 
a  combination  of  the  high  methane  reactivity  of  GDC  and  the 
high  content  of  mobile  oxygen  in  Bi203. 

(4)  The  C02  selectivity  in  direct  methane  oxidation  can  be  modu¬ 
lated  by  varying  the  Bi203  content. 

(5)  The  mixing  of  Bi203  with  GDC  increases  the  self-de-coking 
capability  of  the  catalyst  during  direct  methane  oxidation, 
which  stabilizes  the  activity. 
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